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The primary structure of bovine cathepsin S was determined by combining results of protein and peptide sequencing with the sequence deduced

from nucleic acid sequencing. Using polymerase chain reaction (FCR) technology, cDNA clones commencing at amino acid 22 of the mature en-

zyme and continuing through the 3’ untranslated region of bovine cathepsin 8 mRNA were isolated and sequenced. The open reading frame in

these overlapping clones correctly predicts the determined amino acid sequence of 13 tryptic peptides derived from purified bovine spleen cathepsin

S. The deduced amino acid sequence shows that mature bovine cathepsin S consists of 217 amino acids corresponding to a molecular weight of

23.7 kDa. Cathepsin S belongs to the papain superfamily of lysosomal cysteine proteinases and shares 41% identity with papain. Amino acid se-
quence identities of bovine cathepsin 8 to human cathepsins L, H, and B are 56%, 47% and 31% respectively.
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1. INTRODUCTION

Lysosomal cysteine proteinases are important for
cellular. protein breakdown. The cathepsins B (EC
3.4.22.1), H (EC 3.4.22.16) and L (EC 3.4.22,15) are
the best characterized enzymes of this group [1]. The
recently described cathepsin S [2,3] has a high specific
activity towards protein substrates, a property it shares
with cathepsin L. However, cathepsin S differs from
cathepsin L since it is a single chain enzyme like papain.
Furthermore, it differs from all cysteine proteinases
singce it is stable and active in vitro at neutral pH.

The N-terminal part (35 amino acid residues) of the
bovine cathepsin S sequence was reported by Turk et al.
[4] as that of bovine cathepsin L. At that time, cathep-
sin S was insufficiently characterized, and therefore,
the enzyme isolated from bovine spleen was thought to
be a species variant of cathepsin L. We report here the
primary structure of bovine cathepsin S, This informa-
tion is necessary for the ultimate determination of the
structural basis for the difference in properties of the
cathepsins. We have compared the amino acid sequence
of the cathepsins in the region of cleavage of cathepsins
L and H into heavy and light chains and propose an ex-
planation based on secondary structure for the failure
of cathepsin S to be similarly cleaved in this region.
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2. MATERIALS AND METHODS

2.1. Purification alkylation, and trypsin digestion of cathepsin S

Cathepsin § was purified from bovine spleen as described previous-
ly [3].'The purified protein (25 xg) was alkylated with 4-vinylpyridine
[5]1 and desalted by reversed phase chromatography on a2 0.46 %3 cm
TSK TMS250 (Cl) column. Alkylated cathepsin S was dissolved in 60
41 0,1 M ammonium bicarbonate and treated with 4% (w/w) TPCK.
trypsin (Sigma) for 8 h. Tryptic peptides were separated by reversed
phase chromatography on a 0.46 X 15 ¢m Vydac 218TPBS column us-
ing a linear gradient of acetonitrile (0-60% in 90 min) in 0.1%
trifluoroacetic acid.

2.2. Amino acid sequencing

Unalkylated cathepsin S as well as the tryptic peptides were degrad-
ed (Applied Biosystems program 03RPTH) in a gas/pulsed liquid se-
quencer [6] connected to an on-line PTH-amino acid analyzer con-
sisting of a Brownlee MicroGradient syringe pump, Rheodyne 7126
pneumatic injector, Jones chromatography oven and a Spectra
Physics SP 8450 detector. PTH-amino acids were separated on an
Applied Biosystems PTH C-18 column using conditions described for
the Applied Biosystems 120A PTH-analyzer. For degradation,
samples were applied on Polybrene (2 mg) pretreated glass fiber discs.

2.3. ¢DNA cloning

RNA was purified from bovine spleen (7] and mRNA was isolated
{8). mRNA (0.5 ug) was reverse transcribed by avian myelobiastosis
virus reverse transcriptase (Bethesda Research Laboratories) using
oligo-(dT)12-18 or oligo-(dT)-adapter as primer according to the
manufacturers recommendations. Amplification of cathepsin $
¢DNA by polymerase chain reaction (PCR) was essentially according
to Frohman et al. [9). Reactions were amplified for 25 cycles, The
PCR cycle used was 1'-3'-1' at $5°C, 65°C, and 94°C, respectively.
Qligo nucleotide primers are listed in Fig. 1.

After chloroform extraction  and ethanol precipitation PCR
products were treated with DNA polymerase 1 Klenow fragment
(Bethesda Research Labs) to ensure the ends were flush. Agarose gel
purified ¢DNAs were directly cloned into the Smal site of
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Primers Used to Clone Bovine Cathepsin S

Primers Amino Acid Sequence
1. TETGGCTCTIGCTGGGNCTY CGSCWAF
2. GTTTTIGACAAGCGAUTAUTC® DYWLVKN
3. ATATCCCTGATCTCCUAAUTG® HFGDQGY
4. CATTGTGGAATTGGTAAYTAVCC HOGIANYP
5. AACTGGTGTCTACTATGACC KTGVYYDP
6. AACCATGGTGTACTCGTCGY NHGVLW
7. GGAAGCTTCTGAATCGATGC* GIDSEAS
8. GACTCGAGTCGAGATCGA(T) ¢ oligo-dT primar/
9. GACTCGAGTGGAGATCG et

Fig. 1. "Indicates primers which are antisense, Primers 1-4 were
chosen from the possible codons for the corresponding peptide se-
quences. Wobble bases were included in these primers towards the 3*
end to ensure efficient replication by Taq polymerase (N=G,A,T,C;
U=G,A; Y=C,T). The sequences of primers 5, 6, and 7 were taken
from the nucleic acid sequence of the first cathepsin S clones isolated.

pGem-7Z{( + ) (Promega Biotec) by blunt-end ligation using T4 ligase
(Bethesda Research Labs) according to the manufacturers instruc-
tions,

2.4, DNA sequencing

Plasmid DNA was isolated by the alkaline lysis procedure [10]
followed by polyethylene glycol precipitation. Double stranded DNA
was sequenced by the dideoxy chain termination method using the T7
DNA polymerase enzyme, Sequenase (US Biochemicals) according to
the manufacturers specifications.

2.5, Estimation of size of cathepsin S mRNA

Glyoxylated RNA samples [11] were electrophoresed in 25 mM
sodium phoshate buffer, pH 6.5, 2% Nusieve agarose, 0.1% Seakem
agarose for 320 V.h at 4°C with buffer recirculation. The RNA was
transferred to Nytran membrane (Schleicher and Schuell) according
to the manufacturers instructions. Cathepsin S cDNA amplified with
primer pair 1 and 2 was gel purified and 50 ng were labeled with
dCT32P by random prime labelling [12]). Hybridization and washing
conditions have been described {13].

3. RESULTS AND DISCUSSION

For direct primary structure analysis cathepsin S was
purified from bovine spleen as described [3]. The
purified enzyme (2 4g) was subjected to 24 cyclesin the
sequencer. The determined sequence of the first 24
amino acid residues (Fig. 2) shows three differences
from the previously published one [4]; Met instead of
Val in position §, Cys instead of Gly in position 12 and
Glu instead of Pro in position 15. These differences are
also  confirmed by the sequenced tryptic peptides
cathepsin S-(1-8)-peptide and cathepsin S-(11-17)-
peptide. The sequences of the purified tryptic peptides
derived from alkylated cathepsin S are also shown in
Fig. 2.

The ¢DNA clones for cathepsin S were derived from
reverse transcribed bovine spleen poly(A*) RNA after
PCR amplification. From the amino acid sequences of
16 bovine cathepsin S tryptic peptides, four peptides
were chosen and the corresponding oligonucletide
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T‘I‘\TGATGTAAAMATCgAGrC\.TGCCAOGTGTl'CAAGGTA’I‘A’]‘I‘GAI\CPTCCCT’I‘CGGCAGC 297
DV XK N A

101 T CS R Y 1 ELPPF G S

GAAGAGGCCTTAAAAGAAGCCGTGGCCAATAAAGGACCTGTGTCTGTTCGTATAGACGCG 357
121 E_E A L K E AV ANKGPVYVSVGIDA

AGCCATTCTTCTTTCTTCCTCTACAAAACTGGTGTCTACTATGACCCCTCCTGCACTCAG 417
S HS s FFLYXKTGUVYYDPSCTAQ

141

AANTGTGAACCATGGTGTACTCG TGO TTGGCTATGGTAACCTTGACGGGAAGGACTACTGG 477
6] NV N HGV LY VGYGGNLDGTE KDYW

CTTGTGAAAAACAGCTGGGGCCTGCACTTTGGTGACCAAGGATATATAGGGATGGCAAGA 537
LV X NS WO L HF G D QG Y I R MAR

I\i\'l‘AG'l'UUl\AA‘l‘CMJI‘G‘l'GGGA'l'l‘GCTAA‘N‘A'l‘CCl'l‘Cl'l'ACCA(‘!AGAAA'l'C'l‘AGAGUACl‘ 597
NS G NHOCGTIANTYTPSY?PET*

181

201

TCTTTGTTTTATAACAATTCAAGAAAAAAGAACCACTTTCTCACAATTTAATTTTACCTG 657
CUGTAACAGTAGANATAAGTGTGATATGATCAATATATATTTACTGTACTAACAGAAAAT 7317
ATAGTTTGATTCATCTACTTTTTTTAGCTTTGCAGATCTTGGOGAAAAGTITCCTAAGTA 777
AA’I'FAATAATGTACAATAGA’gATAAGCGTATGAAAG’XTAGNAGCTGAGACCATCTGTCA 837
TGTTTATCAGTCTCTTATTTGTCCTTTTAAGCTTCCCTA ATATGCTGCTGAA ACTTGATG 897
GCATATAGATGCTTAATAATATGATCTTTTICAACTCTGTATCATTACCACATACCTACCA 957
PICICETIATTCITAAGTANTGATTATAATCTGTTATAAGANTATANATTCLARTALGC 1017
TGGTGATGTGCTATGGCAACTTTATGGAAGAAACTATTAGGTTATTAATGTCCTGAGATT 1077
GTATCTTTGCACATAAMMGGATTCAATAAATATTTTANAATCAGTGATGTCAAAGAAGAC 1137
AAATGCTAAGCAGACAATCTATTITCAAGCACTTTGTAAGAATTATTTTATTGATCAACA 1197
ATAANTATACTAATTCAAAAAAAAANAAANAAAAAAN 1257

Fig. 2. The heavy line in the map corresponds to the amino acid
coding region. The lengths of cDNA clones isolated and the primers
used are indicated. The solid arrows show the length and direction se-
quenced using the SP6 and T7 primer sites in the plasmid. The first
20 nucleotides are the sequence of primer no.1 and not necessarily the
sequence found in the bovine cathepsin S gene. The result from the N-
terminal sequence analysis of the purified enzyme as well as results
from sequence analyses of purified tryptic peptides are underlined.

primers were synthesized. The primers used to isolate
cathepsin S clones are described in Fig. 1. The initial
cathepsin S cDNA clone was isolated with primer com-
bination 1 and 2. The sequence of primer 1 encodes a
conserved peptide near the amino terminus of the pa-
pain enzyme family which contains the active site cys-
teine and the sequence of primer 2 is antisense code for
another conservad peptide near the carboxyl-terminus.
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Fig. 3. RNA blot hybridization predicts a single species of bovine
cathepsin § in the spleen. The estimated size is 1,7 kb, using ethidium
bromide stained RNAs as mobility markers.

Two ¢DNA clones amplified with primers 1 and 2 were
isolated from independent PCR reactions. The nucleic
acid sequence of these clones predicts an open reading
frame which would code for 10 of the analyzed tryptic
peptides generated from the cathepsin S protein, Three
additional cathepsin S specific primers and the adapter
described in Fig. 1 were used to amplify the additional
cathepsin S ¢cDNAs and resulting clones described in
Fig. 2. All tryptic peptide sequences determined were
present in the single open reading frame identified as
cathepsin S. A stop codon immediately follows the
nucleotides for the last determined amino acid (Ile) in
cathepsin S-(201-217)-peptide. This shows that mature
cathepsin S is not processed at its C-terminus and con-
sists of 217 amino acid residues corresponding to a
molecular weight of 23.7 kDa. This molecular weight is
in -excellent agreement with the apparent molecular
weight 24 kDa determined by SDS-PAGE.

Only asingle band of 1.7 kb can be detected after blot
hybridization to bovine spleen poly(A+) RNA in-
dicating that the ¢cDNA clones were probably derived
from a single molecular species of RNA (Fig. 3). The
¢DNA amplified with primer combination 4 and 2
results from unpredicted priming of primer 4 at nucleo-
tides 205-228. One clone predicts a proline (CCT) at
amino acid 143 whereas the other two independent
clones covering the same region predict a serine (TCT).
Another single nucleotide discrepancy occurred at
nucleotide 798, These differences may reflect the fideli-
ty of replication of the TAQ polymerase.

Bovine cathepsin S primary structure shows 56%
identity to cathepsin L [14], 47% to cathepsin H [15],
31% to cathepsin B [16] and 41% to papain [17] (Fig.
4). Overall there are 38 identities (18%) shared by all
five enzymes. Cys-25 and His-164 of bovine cathepsin §
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1 45
LPDSHDWRER G,CVTEVKY. ..QGACGSCW AFSAVGALEA QUVELKTG.KL
APRSVDWRER G. MP‘JKN . .QGRCGECH AFSATGALEG OMFRKREG.RL
YEPSVDWRKR GNFVSPVRN. GGRUGSW TESTTGALES AIAIATG.KM
pain IPEXVOWRQK G. AVIPVEN. .QGSEGEEW ARSAVVTIES IIRIRYG.HL
LPASFOAREQ WPQCPTIKEL RDQGSCGSW AFGAVEAISD RICIHTNARV

46 94
JVSLSAQNLYV DCSTARYGNK GCNGGMH FQYIIDNNGI DSEASYPYKA

. ISLSEQNLV DCSGPQ.GNE GONGGLMDYA FQYVQDNGEL DSEESYPYER

. LSLAEQQLV DEAQD .FNNY GCQGGLPSDA FEYILYNRGT MGEDTYPYOG

pain  W.QVSEQELL DCDRRSY... GC!IGG!‘PNSh LOLVAQY.GI BYRNTPYYEG
SVEVSAEDLL TCCGSMCGD, GCNGOYPAER WNFWTR.KGL VSGGY. .YES

95 119
MDGKCQ.¥.. ..... LR JDOVKNRARTC SRYIEBLPEFG. ..........
TEESCR. Y.+ tiveeannss NPKYSVAND TGFVDIPK.. ...,......
RDGYCK.F.. .v.cvvvvnn QPGRAIGEVK DVANITIY.. ..........
apain VQR!CR ............. § REKGPYAAKT DGVRQVQPY
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]
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158

SEEALKEAVA NKGPVSVGID ASHSSYFLYK TGVYYDP.SC
QERALMKAVA TVGDISVAID AGHESFLFYK EGIVFEPDCS
» DEEAMVEAVA LYNPVSFAFE VTQ.DFMMYR TEIYSSTSCH
NQGALLYSIA WQ. HVSVVLQ RAAGKDFQLYR GEIFVGP..C

YGYDSVYSVSN SERDIMAEIY KNGPVEGAFS VY.SDFLLYR SGUYQRVT..

159 202
5 » ' TQNVNHGY LVVGYGNLDG KD....¥YWLV KNSWGLHFGD QBEYIRMARNS
L SEDMDHGY LVVGYGFPEST ESDNHRMV KNSHGEEWGH GGYVRMAKDR
H KTPDKVNEAV LAVGYGERNG IP....YWIV KNSWGPQWGM NGYFLIERG.
Papain . .GNKVDHAV ARVGYNPG.. ...... YILI KHSHGTGWGE NEYIRIKRGT
- GEMMGGHAY RILGWGVENG TP. .., ¥YWLV ANSWNTDWGD WGFFKILRGH

- BN X"

apain

203 217
GNH. .. .CGIA NYPSYPEI..
RNH. ..CGIA SAASYPTV.. .
KNM. . .CGLA ACASYPIPLV ,
apain GNSYGVCGLY TSSFYPVKN. .
.DH..,CGIE SEVVAGIPRT D

BoEbt®

Fig. 4. Alignment of the amino acid sequences of bovine cathepsin 8,

human cathepsins L [14], H [15], and B [16], and papain [17]. The

gaps have been introduced to achieve maximal homology. Shaded
amino acids are identical in all five enzymes.

correspond to the papain active site [17]. Amino acids
directly flanking Cys-25 are highly conserved whereas
those flanking His-164 are not identical but have similar
side chains. The greater similarity of cathepsin S to
cathepsin L is in keeping with the similar enzymatic pro-
perties of the two enzymes [2,3,18].

Cathepsins S and papain are single chain enzymes
whereas cathepsins H, L and B are two chain enzymes.
Cathepsin B is cleaved close to the N-terminus of the
polypeptide and is stable to cleavage between residues
164 and 186 like cathepsin S and papain, Fig. § shows
the predicted secondary structure of cathepsins and
average flexibility parameters in the region where
cathepsins H and L are cleaved to produce the heavy
and light chains, respectively. This region is not con-
served in cysteine proteinases but is flanked by two con-
served regions which correspond to cathepsin S
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Enzyme Posi- Secondary Structure Flexi- Refer-
tion* bility ence
Consensus HavllvGyg--- ('n ) < ¥wlvkNSW

humanL 276 t-BBBBBB----tttTFTBBBBBttth 1.089 19
mouseL 276 £-BBBRABB-tt-TTTTTTBEBEBtEIT 1.071 20

ratL 276 £-BPEBBB-tt-TTTTTTBEBEBBLtTT 1.065 21

humanH 281 BBEBEBttt-TT~BBBBRELLTT 1.058 22
ratH 166 BBRBBBBttt-TTtBEBBBBtLtt- 1.058 23
bovineS 164 pBBBBBttttttt-BBBBBtttb 1.048 . =

human$ 164 BBBRBEBttttttt-BBEBBLtIT 1.040 ¥
human B8 278 hhhhhhe-w-tt---BBEBBttt 1.043 24
ratB 197 -BBBBB—cm-~~==-- EEBBBLtR 1,004 - 25
mouse 8 278 -BBBBBBB-~tt-BBBBBBttt- 1.003 24
bovine8 199 <BBBBB=--<tt=--BBBBB??? 1.043 26
papain 292 HHMHBHHHttt-BBRBBLETT 27

Fig. 5. The secondary structure and chain flexibility adjacent to the
site of cleavage during formation of cathepsins L and H heavy and
light chains, Upper case and lower case B, T and H indicate strong
and weak predictions of @ sheet, turn and helix, respectively. The
cleavage sites are shown by the arrows. The consensus sequence for
this region is shown at the top, where n represents a variable length,
unconserved sequence ranging in length: 10 amino acids in cathepsin
L, 6 amino acids in cathepsins S, H and B, and 2 amino acids in pa-
pain. The secondary structure symbols corresponding to the consery-
ed amino acids of the consensus are underlined, The average of the
flexibility values for the cathepsins in the variable region is shown.
The value for papain is 0.989. Secondary structure (Chou-Fasman
[28)) and flexibility (Karplus and Schulz [29]) were calculated by using
the Peptidestructure program of the Genetics Computer Group,
Madison, WI. ‘Refers to the position of the conserved H in the en-
Zzyme Or prepro-enzyme sequence.  This manuscript. ‘*“B.
Wiederanders (unpublished results).

(164-173) and (178-186). Secondary structure calcula-
tions predict that the conserved regions tend to form &
sheets. The intervening sequences which are cleaved in
cathepsins H and L are strongly predicted to form
reverse turn structures and to display more flexibility
than in cathepsins S and B which are not cleaved in this
region. A comparison of the means of the flexibility
values for cathepsins H and L to those of S and B in-
dicates a statistically significant  difference (¢-test,
P =0.0046). Thus, the absence of a reverse turn and/or
insufficient chain flexibility may render cathepsin S
resistant to cleavage between amino acids (173-178).
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